Introduction {#s1}
============

Intrauterine growth restriction (IUGR) is a common complication of pregnancy and is linked to the later development of type 2 diabetes (T2D) ([@B1],[@B2]). We have developed an experimental animal model of IUGR caused by uteroplacental insufficiency, which limits the supply of critical substrates and hormones to the fetus. This abnormal metabolic intrauterine milieu affects the development of the fetus by permanently altering susceptible cells, such as β-cells, and leads to the development of T2D in adulthood.

Inflammation is highly associated with T2D in a variety of studies and experimental models of T2D. In adult GK and spontaneously diabetic Torii rats, there is increased fibrosis ([@B3],[@B4]) and evidence of inflammation in islets ([@B5]--[@B7]). However, it remains unknown whether inflammation is casual in the development of diabetes or merely associated with an existing metabolic disease state. Much of the characterization of inflammation in T2D models has occurred in adult diabetic or dysmetabolic animals, which makes dissecting the cause and effect of inflammation in diabetes difficult. Our model of IUGR is both relevant and unique to the study of human T2D because it allows us to characterize the role inflammation plays in the early events of T2D development, beginning in utero.

Key immune effector cells with links to T2D, inflammation, and metabolic syndrome are T-cells and tissue macrophages ([@B8]). T-helper (Th) cells play a pivotal role in amplifying immune responsiveness, which directly affects the activation and proliferation of tissue macrophages. Th cells are classified into several subsets, depending on the cytokines associated with their differentiation. One subset is Th2 cells, which can release interleukin (IL)-4 and stimulate an alternate activation of macrophages (M2), aiding in tissue repair and wound healing ([@B9]--[@B12]). While Th2 cytokines are often associated with anti-inflammatory effects, inflammation due to Th2 activation characterizes asthma, hypersensitivity, and allergies. To date, Th2 inflammation has not been linked to T2D pathogenesis.

Inflammation is present in islets of T2D patients with diabetes based on increased macrophage presence and cytokine release from islets. This inflammation is thought to be primarily the result of increased levels of the proinflammatory cytokine IL-1β, which initiates and amplifies proinflammatory responses ([@B13],[@B14]). While IL-1β can affect many Th responses, the method of IL-1β inflammation is largely independent of T-cells. Early clinical trials targeting IL-1β show relatively mild decreases in hemoglobin A~1c~ and modestly increased insulin secretion, suggesting that IL-1β activation is but one of many immune pathways responsible for islet dysfunction in T2D ([@B15]--[@B17]).

In this study, we demonstrate that Th2-mediated immune inflammation begins in the fetal IUGR pancreas. This response results in the recruitment of tissue-remodeling macrophages and negatively affects islet vasculature and function months before diabetes develops. Neutralizing IL-4 levels in newborn IUGR animals ameliorates immune invasion, restores islet vascularity and function, and prevents hyperglycemia in adulthood, demonstrating a new role for Th2 inflammation in the pathogenesis of diabetes.

Research Design and Methods {#s2}
===========================

Animal Model {#s3}
------------

Our animal model has been previously described ([@B18],[@B19]). Briefly, on day 18 of gestation (term is 22 days), pregnant rats were anesthetized with intraperitoneal xylazine (8 mg/kg) and ketamine (40 mg/kg), and both uterine arteries were ligated. Controls underwent sham surgery. Rats recovered within a few hours and had ad lib access to food and water. The pregnant rats were allowed to deliver spontaneously, and the litter size was randomly reduced to eight at birth to assure uniformity of litter size between IUGR and control litters. Measurements were made 24 h postsurgery at embryonic day 19 (e19), postnatal day (PD) 14, and 15 weeks. After PD14, female offspring were excluded, and only male animals were used. For fetal measurements, blood or isolated islets were pooled from all pups from a single litter. This is considered an *n* of 1. For postnatal measurements, blood or islets were collected from individual animals from different litters. For antibody treatment, animals were divided into four groups: control treated with PBS (control vehicle \[CV\]), IUGR treated with PBS (IUGR vehicle \[IV\]), control animals treated with neutralizing IL-4 antibodies (CIL4), and IUGR animals treated with neutralizing IL-4 antibodies (IIL4). These studies were approved by the Animal Care Committee of The Children's Hospital of Philadelphia.

Islet Isolation {#s4}
---------------

Rat islets were isolated by ductal collagenase perfusion and Histopaque gradient separation (Sigma). Pancreata were perfused with Hanks' balanced salt solution supplemented with 1% BSA (wt/vol; Fisher), 4 mmol/L NaHCO~3~ (Sigma), and 10 mg/mL Collagenase P (Roche); excised; and incubated at 37°C for 15--30 min. After digestion, islets were washed and then purified using a Histopaque discontinuous gradient (Sigma). For fetal islet isolation, collagenase concentration was decreased to 2 mg/mL and incubated at 37°C for 10 min.

RNA Extraction {#s5}
--------------

Total RNA was isolated from pooled fetal islets (*n* = 4 different litters) and at 2 weeks (*n* = 4 different animals) using RNAzol B (Tel-Test). RNA from isolated islets was bioanalyzed for RNA integrity (Agilent) and samples with RNA integrity number scores less than 7.5 were excluded. Quantitative PCR was performed as previously described ([@B20]).

Microarray Analyses {#s6}
-------------------

cDNA was synthesized from RNA^17^. To measure differential gene expression in PD14 IUGR and controls, an Agilent two-color array was used. Differentially labeled IUGR and control RNA were hybridized to the same array, and a total of four arrays from four different sample pairings were analyzed. There was very little contamination of exocrine tissue in the islet preps. However, control and IUGR samples were paired based on similar expression levels of exocrine (amylase, chymotrypsin) and endocrine (insulin, glucagon) genes. RNA samples from the resulting four groups were amplified with WT-Ovation Pico (NuGEN Technologies). Amplified cDNA was labeled using BioPrime (Invitrogen) with Cy3/Cy5-labeled nucleotides (GE Amersham Biosciences). Labeled samples were hybridized overnight to the 4 × 44 Rat Gene Expression Microarray (Agilent) and scanned with a G2565B DNA microarray scanner (Agilent). The e19 microarray experimental design was a single color array from Affymetrix, and four individual samples each of IUGR and control RNA were analyzed. RNA samples from e19 were amplified with the WT Expression Kit (Ambion) and labeled with the GeneChip WT Terminal Labeling Kit (Affymetrix). Labeled samples were hybridized, washed, stained, and scanned using standard protocols for Rat Gene 1.0 ST (Affymetrix). Array .cel files were imported into Partek Genomics Suite (v6.6, Partek Inc., St. Louis, MO), where RNA normalization was applied. Transcript cluster identifications were filtered to exclude technical controls, and intersample variation was visualized using principal components analysis. To identify differentially expressed transcripts, data were exported to R where SAM \[samr v2.0 ([@B21])\] was applied. Functional analyses for both arrays were generated using Interactive Pathway Analysis (Ingenuity Systems, [www.ingenuity.com](http://www.ingenuity.com)). Complete microarray data are publically available through the National Institutes of Health Gene Expression Omnibus database ([www.ncbi.nlm.nih.gov/geo/](http://www.ncbi.nlm.nih.gov/geo/)): e19 microarray accession GSE48655 and PD14 microarray accession GSE48822.

Cytokine and Hormone Measurements {#s7}
---------------------------------

Blood was collected and allowed to clot for 2 h at room temperature. Serum was isolated by centrifugation at 10,000*g* for 10 min and frozen. Islets (*n* = 6--8 per group) were isolated, and tissue was resuspended in 1 × PBS (vol/vol) with 0.1% Triton-X 100 (vol/vol; Integra), 1% Protease Inhibitor Cocktail (vol/vol; Sigma), and 1% Phosphatase Inhibitor Cocktail (vol/vol; Sigma). Tissues were homogenized and centrifuged for 10 min at 10,000*g*. Lysate samples were normalized to total protein concentration as measured by BCA Assay (Pierce). Insulin was measured by Ultra Sensitive ELISA (Mercodia), and C-peptide was measured by ELISA (ALPCO). Cytokine and chemokine panels were measured by Luminex Assay (EMD Millipore).

Histology {#s8}
---------

Excised tissues were placed in formalin-free zinc fixative (BD Pharmingen) for 24--48 h and embedded in paraffin. CD3 antibody (BD Pharmingen), CD68 antibody (Abcam), insulin antibody (Abcam), and biotinylated *Griffonia* (*Bandeiraea*) *simplicifolia* lectin I (Vector Laboratories B1105) was used to stain zinc-fixed, paraffin-embedded tissue. Slides were incubated with CD3 antibody at a 1:100 overnight at 4°C, CD68 antibody at a 1:100 for 1 h at room temperature, insulin antibody at a 1:500 overnight at 4°C, or biotinylated lectin at a 1:5,000 overnight at 4°C. For capillary density quantification, lectin staining intensity was quantified as a percentage of islet area as previously described ([@B22]). For β-cell mass measurements, a minimum of four sections separated by at least 200 μm were chosen, stained for insulin, and then scanned with Aperio Scan Scope OS. Images were analyzed using Aperio Image Analysis v11.1.2.760 Toolkit algorithms Genie Classifier v1 and Color Deconvolution v9. Results were expressed as a percentage of insulin-positive area relative to the total area scanned. Total β-cell mass was calculated by normalizing β-cell percentage to total pancreas weight.

Microscopy Slides {#s9}
-----------------

Images were captured on a Leica DMRBE microscope with 40× magnification (PL Fluotar 40×/0.70) and QImaging Micropublisher 5.0 RTV camera. iVision software version 4.0.16 was used for acquisition, and images were processed for size, color balance, brightness, and contrast using ImageJ version 1.46r.

Nuclear Magnetic Resonance Scanning {#s10}
-----------------------------------

At PD14, body composition was measured in animals from the four treatment groups using nuclear magnetic resonance spectroscopy (Echo MRI) ([@B23]). The percentage of fat and lean tissue per animal was calculated per gram of total body weight.

Neutralizing IL-4 Therapy {#s11}
-------------------------

Control and IUGR animals were injected subcutaneously with 1 μg/kg of purified mouse antirat IL-4 antibody (BD Pharmingen), mouse isotype control IgG1κ (BD Pharmingen), or PBS (Fisher BioReagents) daily from PD1--6.

Insulin Secretion by Perifused Islets {#s12}
-------------------------------------

In brief, islets were isolated by collagenase digestion and cultured with 10 mmol/L glucose in RPMI 1640 medium (Sigma) for 3 days. One hundred cultured rat islets were loaded onto nylon filters in a small chamber and perifused in a Krebs-Ringer bicarbonate buffer with 0.25% BSA at a flow rate of 2 mL/min. Perifusate solutions were gassed with 95% O~2~/5% CO~2~ and maintained at 37°C. Islets were perifused in glucose-free solution with 2 mmol/L glutamine (used as an alternate fuel source), then glucose concentrations were increased at a rate of 0.625 mmol/L glucose/min to a final concentration of 25 mmol/L. Samples were collected every minute and used to measure insulin by homogeneous time resolved fluorescence (Cisbio).

Measurement of Nitric Oxide Metabolites {#s13}
---------------------------------------

Protein from islet lysates was removed using Ultracel 3,000 centrifugal filters according to manufacturer instructions (Millipore). Nitric oxide (NO) metabolites were evaluated by reducing metabolites, using acidified-heated vanadium, to NO; NO was detected via chemiluminescence on a Sievers 280 NO analyzer. Samples were injected into a custom-made purge container containing 0.05 mol/L vanadium chloride in 1 N HCl heated to 95°C. The reading in millivolts was compared with a standard curve generated by injecting standard solutions of nitrate. This reductive method provides information about the total levels of nitrate, nitrite, N-nitroso, and iron-nitrosyl adducts as well as low-molecular-weight and protein S-nitrosothiol adducts.

Measurement of Lipid Peroxidation {#s14}
---------------------------------

Islet lysates were analyzed for lipid peroxidation using the Parameter TBARS kit (R&D Systems) according to manufacturer instructions and normalized to protein content.

Statistical Analysis {#s15}
--------------------

Data points were analyzed for normal distribution, and transformed if necessary, then tested for statistical significance using Student *t* test and an α of 0.05. If normal distribution could not be determined, analysis by nonparametric Mann-Whitney test was performed.

Results {#s16}
=======

Gene Expression in IUGR Islets Shows Immune Inflammation {#s17}
--------------------------------------------------------

We assessed global mRNA expression profiles by microarray analysis in IUGR islets at e19, 24 h after induction of surgery. In IUGR islets, 1,220 genes were upregulated and 1,090 were downregulated at least 1.5-fold compared with controls filtered on a false discovery rate (FDR) of 10% ([Table 1](#T1){ref-type="table"}).

###### 

e19 IUGR islets show increases in immune and macrophage activating genes

![](1672tbl1a)

![](1672tbl1b)

Ingenuity analysis identified pathways involved in activation of macrophages, immune cell trafficking and inflammatory response (*P* = 2.95 × 10^−7^), and complement activation (*P* = 9.46 × 10^−7^). Analysis of expression of individual immune-related genes suggested activation of CD4-positive Th cells in IUGR islets, with two distinct groups of genes: the activation of those that promote or enhance a Th2 cell response and macrophage activation and the downregulation of genes that promote an alternate Th lineage, Th1. Th1 and Th2 responses are antagonistic, and the downregulation of Th1 genes further activates a Th2 response.

The complement system is involved in the sensing and clearing of injured cells and plays a significant role in the pathogenesis of various inflammatory responses ([@B24]). In IUGR e19 islets, genes regulating complement alternative pathway were upregulated. Activation of C3 through the alternate pathway is necessary for IL-4 production in some diseases of dysregulated Th2 activation such as asthma ([@B25],[@B26]).

Ingenuity analysis of the gene list also revealed activation of genes involved in digestive system development and function (*P* = 3.99 × 10^−6^). Transcription factors critical to normal pancreatic and β-cell function and development were upregulated, many of which directly regulate insulin production through interactions at the insulin promoter. These results suggest a compensatory mechanism in fetal IUGR islets in response to nutrient deprivation.

We next assessed global mRNA expression profiles by microarray analysis in IUGR islets at PD14. In IUGR islets, 15 genes were upregulated and 252 were downregulated compared with controls filtered on an FDR of 10% ([Table 2](#T2){ref-type="table"}). Ingenuity analysis revealed several pathways that were enriched in IUGR islets, including inflammatory response (*P* = 7.87 × 10^−7^), cellular movement (*P* = 2.02 × 10^−7^), tissue development (*P* = 1.81 × 10^−6^), cardiovascular system development and function (*P* = 1.91 × 10^−6^), and connective tissue development and function (*P* = 1.32 × 10^−5^). Analysis of individual immune-related genes continued to show altered expression of genes involved in the promotion of a Th2 immune response and M2 macrophage activation. M2 macrophage activation is critical to the propagation of a Th2 response ([@B10]), and consistent with a Th2 response activation, genes that prevent monocyte differentiation into M2 macrophages were downregulated.

###### 

PD14 IUGR islets show increases in genes that activate a Th2 immune response and decreases in proangiogenic genes

![](1672tbl2)

Many proangiogenic genes were dysregulated in IUGR islets, and their downregulation is consistent with decreased vascular endothelial growth factor (VEGF) levels and diminished vascularity that we have previously observed in IUGR islets ([@B22]). We confirmed expression patterns for selected genes from both e19 and PD14 arrays ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)).

Fetal IUGR Islets Show Localized Th2 Immune Response {#s18}
----------------------------------------------------

To further characterize immune activation in IUGR animals, we measured a panel of inflammatory cytokines and chemokines in serum and isolated islet lysate. The panel was enriched for both Th1 and Th2 immune responses and cytokines associated with T2D and insulin resistance. Cytokine profiling was assessed at e19 in serum and isolated islet lysate ([Fig. 1*A* and *B*](#F1){ref-type="fig"}, [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)), which allows characterization of both systemic (serum) and localized (islet lysate) responses as the IUGR animal progresses toward the eventual development of diabetes. We observed a 78% decrease in circulating leptin and a 62% decrease in insulin compared with controls. Fetal leptin and insulin levels have been shown to mirror fetal growth in cord blood from small for gestational age neonates ([@B27],[@B28]), which is consistent with the decline in growth seen in this experimental model. Insulin levels in fetal islet lysates were unchanged ([Fig. 1*B*](#F1){ref-type="fig"}). These results confirm the previously demonstrated ([@B18]) insulin secretory defect within 24 h of surgery. IL-4, IL-2, eotaxin, and IL-10 were all increased more than twofold in fetal islet lysates but were undetectable in fetal serum from either group, suggesting that IUGR induces an islet-specific localized inflammatory response. Th lymphocyte subpopulations are defined by the cytokines released, and all four elevated cytokines present in islet lysate (IL-4, IL-2, IL-10, and eotaxin) are consistent with a Th2 response. The proinflammatory cytokines RANTES (regulated on activation, normal T-cell expressed and secreted) and monocyte chemoattractant protein (MCP) 1 were elevated by 30 and 45% in lysates, respectively. MCP1 (CCL2) is the primary stimulant for monocyte and macrophage recruitment and overexpression results in insulin resistance in rodents ([@B29]). Elevated IL-4 levels in e19 lysates were independently confirmed by ELISA ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)).

![IUGR provokes islet inflammation consistent with Th2 response and M2 macrophage activation in e19 islets. By PD14, IUGR animals develop systemic inflammation, while islet inflammation begins to resolve. Inflammatory cytokine and chemokines were measured by (*A*) Luminex Assay in serum and (*B*) isolated pancreatic islet lysate 24-h postsurgery and in (*C*) serum and (*D*) isolated pancreatic islet lysate from PD14. Data are expressed as fold change compared with controls ± SEM (*n* = 6--8 measurements/age/group). \*, significant difference at *P* \< 0.05 versus control; ND, undetectable (analyte was undetectable in tissue); white bars, control; gray bars, IUGR.](1672fig1){#F1}

Postnatal IUGR Animals Have Systemic and Islet Inflammation {#s19}
-----------------------------------------------------------

At PD14, there was a 2.7-fold increase in serum leptin levels in IUGR compared with controls ([Fig. 1*C*](#F1){ref-type="fig"}, [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)), correlating with a previously observed increase in adiposity in IUGR animals, despite reduced total body weight at 2 weeks of age ([@B30]). High leptin levels have been shown to inhibit β-cell growth through AKT signaling pathways ([@B31]). Circulating levels of insulin were elevated 2.8-fold compared with controls, consistent with insulin resistance. The proinflammatory cytokines MCP1 and RANTES were both significantly increased more than threefold in serum. These cytokines were unchanged or undetectable in fetal serum, demonstrating that sustained systemic inflammation likely develops after birth.

By PD14, islet lysates continued to show increased immune cytokines and localized inflammation, with IL-2 levels remaining increased more than twofold compared with controls ([Fig. 1*D*](#F1){ref-type="fig"}). The levels of several cytokines were less abundant than at e19, suggesting that at PD14, the Th2 activation may be starting to resolve. Surprisingly, by 10 weeks of age, elevated protein levels of Th2 cytokines were no longer observed ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)), pointing to a limited duration of Th2 activation in IUGR islets.

IUGR Islets Show Immune Cell Invasion and Decreased Vascularity {#s20}
---------------------------------------------------------------

We next performed immunohistochemistry on whole pancreas from control and IUGR animals at e19 and PD14 using markers for T-cells (CD3) and macrophages (CD68) ([Fig. 2*A*](#F2){ref-type="fig"}). In IUGR fetal islets, islet-associated CD3-positive T-cells and CD68-positive macrophages were increased, and these immune cells persisted to PD14.

![IUGR islets show invasion by T-cells and macrophages and decreased capillary density. *A*: Immunohistochemistry for presence of islet-associated immune cells using antibody to CD68 for macrophages and antibody to CD3 for T lymphocytes at e19 and PD14. The scale bar represents 10 μm in all images. *B* and *C*: Islet capillary density was measured by quantifying the amount of lectin staining per islet in 100 islets. Values are ± SEM (*n* = 4 measurements/age/group). \*, significant difference at *P* \< 0.05 compared with control; white bars, control; gray bars, IUGR.](1672fig2){#F2}

Islet function is dependent on vascular density, and protein levels of proangiogenic factors connective tissue growth factor and VEGF were decreased by more than 40% in PD14 IUGR islets ([Fig. 1*D*](#F1){ref-type="fig"}), although VEGF did not reach statistical significance. Similarly, fetal IUGR capillary density was markedly decreased by more than 30% compared with controls. There is a rapid loss of islet vascularity within 24 h of induction of IUGR. PD14 islet capillary density was also decreased 25% in IUGR islets compared with controls ([Fig. 2*B* and *C*](#F2){ref-type="fig"}), consistent with our previous findings of reduced islet vascularity in 1-week-old IUGR animals ([@B22]). These results demonstrate the induction of a Th2 immune response in fetal islets that corresponds with loss of islet vascularity that persists until PD14.

Neutralizing IL-4 Rescues Inflammation and Restores Islet Vascularity {#s21}
---------------------------------------------------------------------

We next investigated whether neutralizing IL-4, a key regulatory cytokine of Th2 response, would abrogate the IUGR phenotype. Neonatal IUGR pups were injected daily with a neutralizing IL-4 antibody or PBS for the first 5 days of life. Antibody treatment did not affect weight gain, adiposity, or levels of serum leptin in IUGR animals ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)), demonstrating that increased adiposity in IUGR animals is Th2 independent ([Fig. 3*A*](#F3){ref-type="fig"}). Serum levels of RANTES were significantly elevated in IV animals compared with CV and unchanged by therapy ([Fig. 3*A*](#F3){ref-type="fig"}). This was expected, as RANTES is highly correlated with adiposity ([@B32]), and elevated leptin levels from increased adiposity will stimulate RANTES production ([@B33]).

![Neutralizing IL-4 treatment rescues inflammation and restores islet capillary density. *A*: Newborn animals were treated with subcutaneous injections of vehicle (PBS) or 1 μg/kg^−1^ neutralizing IL-4 antibodies from PD1--6. Inflammatory cytokine and chemokines were measured by Luminex Assay from PD14 serum after treatment. Data are expressed as fold change compared with controls ± SEM (*n* = 8 measurements/age/group). *B*: Immunohistochemistry for presence of islet-associated immune cells using antibody to CD68 for macrophages and antibody to CD3 for T lymphocytes in PD14 animals following neutralizing IL-4 antibody treatment (*n* = 6--8 measurements/age; scale bar represents 10 μm in all images). *C* and *D*: Islet capillary density was measured by quantifying the amount of lectin staining per islet in 100 islets/group (*n* = 4 measurements/group, 100 islets total per group). Values are ± SEM (*n* = 4 measurements/age/group). \*, significant difference at *P* \< 0.05 versus CV; ‡, significant difference at *P* \< 0.05 versus CIL4; †, significant difference at *P* \< 0.05 versus IV; ND, undetectable (analyte was undetectable in tissue); white bars, CV; gray bars, IV; white bars with hatch marks, CIL4; gray bars with hatch marks, IIL4.](1672fig3){#F3}

Treatment-normalized serum levels of insulin/C-peptide in IIL4-treated animals ([Fig. 3*A*](#F3){ref-type="fig"}). These data suggest that a short-term neonatal treatment with neutralizing IL-4 antibody normalizes the IUGR metabolic milieu. Neutralizing IL-4 also ameliorated the development of systemic inflammation in IUGR animals. Serum levels of MCP1 were reduced 52% in IIL4 animals compared with IV ([Fig. 3*A*](#F3){ref-type="fig"}) and normalized to the level seen in CV- and CIL4-treated animals, demonstrating that Th2 inflammation is responsible for the induction of systemic inflammation in postnatal IUGR animals.

Islet capillary density was significantly decreased 43% in IV animals compared with CV ([Fig. 3*C* and *D*](#F3){ref-type="fig"}). Control animals were unaffected, but treatment restored capillary density 187% to that of controls in IIL4 animals and demonstrates that Th2 inflammation is responsible for vascularity loss in IUGR islets.

Histological examination of PD14 IUGR pancreas following neonatal neutralizing IL-4 antibody treatment revealed decreased islet-associated T-cell and macrophage staining ([Fig. 3*B*](#F3){ref-type="fig"}). This suggests that Th2 inflammation is responsible for the recruitment and maintenance of immune cells to IUGR islets. No effect on capillary density or serum cytokine levels was seen in animals treated with nonspecific isotype-controlled IgG antibodies ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1)).

Neutralizing IL-4 Restores Glucose-Stimulated Insulin Secretion and Glucose Homeostasis {#s22}
---------------------------------------------------------------------------------------

A key component of IUGR pathophysiology is abnormal β-cell insulin secretion. We isolated islets from 15-week-old animals and measured glucose-stimulated insulin secretion via ramp studies ([Fig. 4*A*](#F4){ref-type="fig"}). The basal rate of insulin release was significantly higher in IV animals compared with CV ([Fig. 4*B*](#F4){ref-type="fig"}), consistent with previous findings of insulin resistance ([@B18]). Neutralizing IL-4 therapy restored basal insulin secretion in IIL4 animals to that of CV but had no effect on CIL4 animals. The glucose threshold was similar in all treatment groups. At higher glucose concentrations, the control groups CV and CIL4 had similar maximum insulin release ([Fig. 4*C*](#F4){ref-type="fig"}). Maximum insulin release was decreased 70% in IV compared with CV animals but was restored to that of control animals by neonatal neutralizing IL-4 treatment.

![Postnatal neutralizing IL-4 treatment lowers basal insulin release and normalizes maximal insulin secretory capacity. *A*: Isolated islets from 15-week-old animals were perifused in a glucose-free solution with 2 mmol/L glutamine as an alternate fuel source, then glucose concentrations were increased at a flow rate of 0.625 mmol/L glucose/min to a final concentration of 25 mmol/L glucose, and insulin was measured every minute. Values are ± SEM (*n* = 3 animals/time point/group). *B*: Basal insulin release in the absence of glucose, with 2 mmol/L glutamine. *C*: Maximum insulin release in perifused islets from treatment groups. *D*: Reactive nitrogen species and lipid peroxidation levels in isolated islet lysate from 3-week-old treated animals per total protein content, represented as fold change versus CV. Values are ± SEM (*n* = 3 animals/time point/group). \*, significant difference at *P* \< 0.05 versus CV; ‡, significant difference at *P* \< 0.05 versus CIL4; †, significant difference at *P* \< 0.05 versus IV; Gln, glutamine; G ramp, glucose ramp; white bars, CV; gray bars, IV; white bars with hatch marks, CIL4; gray bars with hatch marks, IIL4.](1672fig4){#F4}

Other cytokines can induce β-cell dysfunction through the generation of oxidative or endoplasmic reticulum stress ([@B34]--[@B36]). We have previously demonstrated mitochondrial dysfunction and high oxidative stress in IUGR islets, beginning at e19, which persist and intensify over the life of the animal ([@B19]). To determine if neutralizing IL-4 antibody therapy improves adult islet function by ameliorating oxidative stress in neonatal islets, we assayed reactive nitrogen species and lipid peroxidation in lysates from 3-week-old treated animals ([Fig. 4*D*](#F4){ref-type="fig"}). Levels of reactive nitrogen species as measured by free nitrate/nitrite levels were over twofold increased in IUGR islets compared with controls. Neutralizing antibody treatment did not have an effect on CIL4-treated animals and failed to rescue high levels in IIL4 animals. Similarly, levels of lipid peroxidation were more than fourfold increased in IV animals compared with CV, but treatment had no effect in IIL4 animals, demonstrating that neutralizing IL-4 therapy restores islet function independently of increased oxidative stress.

We next measured fasting plasma glucose levels in 8--10-month-old animals ([Fig. 5*A*](#F5){ref-type="fig"}). CV- and CIL4-treated groups had similar glucose levels, whereas fasting glucose levels were significantly elevated in IV animals. Neutralizing IL-4 antibody therapy prevented the development of fasting hyperglycemia in IUGR animals, and levels did not differ from those in CV or CIL4. Fasting C-peptide levels mirrored the glucose levels ([Fig. 5*B*](#F5){ref-type="fig"}) in that CV, CIL4, and IIL4 animals did not differ while IV animals had significantly elevated C-peptide concentrations. Lastly, we measured β-cell mass in these animals ([Fig. 5*C*](#F5){ref-type="fig"}) and found that neutralizing IL-4 antibody therapy prevented loss of β-cell mass in IUGR animals, demonstrating that Th2 inflammation drives β-cell loss in adulthood.

![Postnatal neutralizing IL-4 treatment prevents fasting hyperglycemia and loss of β-cell mass in adulthood. Glucose homeostasis and β-cell mass was measured in 6--10-month-old adult animals: (*A*) fasting blood glucose (*n* = 8 animals/treatment group); (*B*) fasting C-peptide levels (picomolar; *n* = 8 animals/treatment group; (*C*) islet mass (mg per total pancreas; *n* = 4 animals/treatment group). Values are ± SEM. \*, significant difference at *P* \< 0.05 versus CV; †, significant difference at *P* \< 0.05 versus IV; white circles, CV; black circles, IV; white squares, CIL4; black squares, IIL4; white bars, CV; gray bars, IV; white bars with hatch marks, CIL4; gray bars with hatch marks, IIL4.](1672fig5){#F5}

Discussion {#s23}
==========

The major finding of this study is that IUGR induced by uteroplacental insufficiency provokes a Th2 immune response in the fetal pancreas, which persists until at least PD14. A short treatment course of neutralizing IL-4 antibodies in the newborn period dampens the immune response and restores β-cell function. Thus IUGR invokes a localized Th2 response in the fetal pancreas, leading to the recruitment of T-cells and macrophages. Localized inflammation and high IL-4 levels impair insulin secretion and disrupt islet capillary density, leading to vascular insufficiency and reduced β-cell mass. This study is the first to demonstrate that the inflammatory microenvironment of the fetal IUGR pancreas alters β-cell function and disrupts islet vascularity, predisposing IUGR offspring to the development of T2D in adulthood.

Substantial β-cell replication, neogenesis, differentiation, and islet remodeling characterize the neonatal period and are critical for normal adult islet function. The developmental window whereby Th2 inflammation affects this array of structural and molecular changes is important, as it permanently impairs islet function and reduces islet vascularity. IL-4 has been shown to have antiangiogenic effects in vitro, and loss of vascularity is compounded in the presence of IL-10, another Th2 cytokine ([@B37]). Functional IL-4 receptors are expressed on both β-cells and endothelial cells, and IUGR likely affects both cell types through this signaling pathway. In this study, a short course of neonatal neutralizing IL-4 antibody treatment is sufficient to restore islet vascularity, prevent loss of glucose-stimulated insulin secretion, and prevent fasting hyperglycemia in adulthood. To our knowledge, this is the first study to show that a Th2 response may be directly responsible for the initial events that lead to diabetes pathogenesis in IUGR animals.

Evidence of inflammation in diabetes has been seen in many human studies, and rodent models of T2D, as demonstrated by increased levels of IL-1β, MCP1, tumor necrosis factor-α, IL-6, and C-reactive protein, among others. T2D is highly correlated with obesity, and increased adiposity is causally linked to a systemic low-grade subacute inflammatory state ([@B38]). Intriguingly, our results demonstrate that inflammation occurs prior to adiposity and begins to resolve as adiposity increases. In human epidemiological studies, subclinical chronic inflammation has been hypothesized to be an important factor in the development of insulin resistance and T2D ([@B39],[@B40]). A long-unanswered question in this field is the extent to which T2D and inflammation are triggered in sequence or in parallel. We have made the novel observation that fetal inflammation precedes the adult onset of diabetes and impairs insulin secretion within 24 h of the onset of IUGR. We conclude that adult perturbations in β-cell function are the direct result of fetal inflammation, immune cell infiltration, tissue remodeling, and loss of vascularization.

Other T2D studies have historically shown increases in Th1 cytokines in adipose tissue and systemic and islet activation of the true "proinflammatory" IL-1β pathway. The results are not in conflict, as we show that a brief and localized Th2 activation has profound effects on islet health and function over the life of the animal, even after inflammation is resolved. Moreover, these results point to distinct stages of diabetes progression involving differing inflammatory pathways.

Numerous studies have demonstrated that the predominant maternal immunological cytokine pattern is Th2 ([@B41]), which protects against miscarriage. The presence of maternal Th2 cytokines also skews fetal immune responses toward Th2 responses ([@B42]). In this study, we show that IUGR activates Th2 responses in fetal tissues. Epidemiological evidence supports the findings of Th2 activation in IUGR, as IUGR has been strongly linked to the postnatal development of asthma, allergies, and hypersensitivity ([@B43],[@B44]), all diseases of Th2 activation. We surmise that activation of a fetal Th2 response in utero specifically affects susceptible cells, such as β-cells and alveolar cells, and predisposes to the later development of disease.

In conclusion, these results demonstrate that adult-onset diabetes caused by IUGR is preceded by fetal islet inflammation, which results in immune cell invasion, inflammatory cytokine release, decreased islet vascularity, and increased insulin resistance. Administration of neutralizing IL-4 antibodies at the neonatal stage suppresses inflammatory cytokine levels, normalizes islet vascularity, and permanently restores insulin sensitivity, demonstrating a novel role for Th2 immune responses in T2D instigation and progression. At the neonatal stage, inflammation and vascular changes are reversible and may define an important developmental window for therapeutic intervention to prevent adult-onset diabetes and metabolic syndrome.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1226/-/DC1>.
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